INTRODUCTION
Rotary ultrasonic machining (RUM) is a nontraditional machining method and has been used to drill a variety of materials. It has been shown that RUM can effectively drill ceramics ( . Experimentally-determined relationships between input variables (e.g., tool rotation speed, feedrate, and ultrasonic power) and surface roughness in RUM of ductile materials (titanium and stainless steel) were also reported (Churi et al., 2005; 2006; 2007ab; Cong et al., 2009b; 2010) . In addition, it was observed (Cong et al., 2010) when using RUM to drill stainless steel that surface roughness of the machined hole and rod near the entrance side was better than that near the exit side. Figure 3 illustrates the entrance side and exit side of the machined hole 5 and rod. Figure 4 shows pictures of machined surfaces at these two locations (near the entrance side and near the exit side). However, explanations about this observation could not be found in the literature. This paper aims to provide explanations about this observation. Such knowledge is important in order to further improve the surface roughness of holes machined by RUM. After the tool finishes drilling the hole, it retreats to its starting position. As it retreats, the tool still rotates and vibrates, and may grind the wall of the machined hole. The hole surface near the entrance side might be ground again while the tool retreats but the hole surface near the exit side might not. It is hypothesized that this additional grinding is the cause for the difference in surface roughness at the two locations.
Hypothesis testing via experiments

Experiment set-up
The experiments were performed on a Sonic-Mill Series 10 RUM machine (Sonic-Mill, Albuquerque, NM, USA). The experiment set-up is shown in Figure 6 . The diamond core drills were provided by NBR Diamond tool Corp. (LaGrangeville, NY, USA). The tuning length of these drills was 45.7 mm. Each drill had a connection portion and an abrasive portion. For the abrasive portion, the outer diameter (OD) was 9.59 mm and the inner diameter (ID) was 7.80 mm. The mesh size of the diamond abrasives was 80/100. The bond type C (with harder bond material than bond type B) was used. The cutting fluid used was water-soluble Quakercool 6010
(Murdock Industrial Supply Co., Wichita, KS, USA). It was diluted with water at a ratio of 1 to 14. Other experiment conditions are shown in Table 1 . Under each machining conditions, three holes were drilled.
Figure 6 Experiment set-up. The surface roughness in this study was characterized by Ra, average surface roughness. It was measured with a surface profilometer (Surftest-402, Mitutoyo Corporation, Kanagawa, Japan).
The test range was set at 4 mm and cut-off length was set at 0.8 mm. Surface roughness was measured at two locations of the hole, near the entrance side and near the exit side. At each location, four measurements were performed with 90 degrees between two adjacent measurements. Each measurement was repeated twice. The reported Ra value for each location was the average of these eight collected data.
The workpiece material was stainless steel . Its prosperities are listed in Table 2 . The workpiece size was 152 mm × 127 mm × 12.7 mm. 
Experiment results from Test 1
Test 1 was designed to prevent the tool from grinding the hole surface near the entrance side while retreating. Only half of the hole (instead of a complete hole) was drilled so that the workpiece could be moved away from the tool after the tool drilled through the workpiece thickness. Figure 7 shows the five stages of this test. 
Experiment results from Test 2
Test 2 was also designed to prevent the tool from grinding the drilled hole near the entrance side when it retreats. This was achieved by stopping the tool at the lowest position and removing the workpiece manually. Figure 9 shows the four stages of this test. If Hypothesis 1 is true, for the machined holes in this test, surface roughness at the two locations (near the entrance side and near the exit side) should be approximately the same. Figure 10 shows the experiment results from this test. The P-value from the t-test was 0.002. This means 
HYPOTHESIS 2 Hypothesis
The workpiece may deform elastically under cutting force, causing the hole diameter near the entrance side become smaller than that near the exit side. If the deformation is large enough, it is possible that the connection portion of the tool will rub the machined hole surface near the (The magnitude of deformation is greatly exaggerated for illustration purpose)
Hypothesis testing via simulations
Development of finite element analysis model
SolidWorks-simulation (SolidWorks Corp., Concord, MA, USA) was used to build a three-dimentional model (as shown in Figure 12 ) to simulate (calculate) the workpiece deformation during RUM drilling. The workpiece was modeled as a rectangle plate (152 mm 
Simulation results
Simulation results show that the maximum displacement (in the horizontal direction toward the hole center) of any point on the machined hole surface near the entrance was less than 10 μm. It is noted that the gap between the outer diameter of the connection portion of the tool and the outer diameter of the abrasive portion of the tool was 240 μm (as illustrated in Figure 13 ). In other words, the displacement was too small to allow the connection portion of the tool to rub the machined hole surface near the entrance side. Therefore, Hypothesis 2 should be rejected based on the simulation results. (not in scale for illustration purpose)
HYPOTHESIS 3 Hypothesis
As illustrated in Figure 5 , as soon as the tool drills through the workpiece thickness, the tool will retreat to its starting position. The location (on the machined hole surface) near the entrance side is ground by the full length of the abrasive portion of the tool, while the location near the exit side is ground by only a fraction of the length of the abrasive portion. It is hypothesized that the difference in the grinding duration by the abrasive portion of the tool causes the difference in surface roughness at the two locations.
Hypothesis testing by experiments
This test was designed to allow the entire abrasive portion of the tool to grind both locations (near the entrance side and near the exit side). It was done by feeding the tool until the entire abrasive portion went through the workpiece thickness, as illustrated in Figure 14 . There are four stages in this test:
(a) The tool is at its starting position; 
